The amino acid composition of sequences and structural attributes (α-helices, β-sheets) of C-and N-terminal fragments (50 amino acids) were compared to annotated (SWISS-PROT/ TrEMBL) type I (20 sequences) and type III (22 sequences) secreted proteins of Gramnegative bacteria. The discriminant analysis together with the stepwise forward and backward selection of variables revealed the frequencies of the residues Arg, Glu, Gly, Ile, Met, Pro, Ser, Tyr, Val as a set of strong (1-P< 0.001) predictor variables to discriminate between the sequences of type I and type III secreted proteins with a cross-validated accuracy of 98.6-100 % . The internal and external validity of discriminant analysis was confirmed by multiple (15 repeats) test-retest procedures using a randomly split original set of proteins; this validation method demonstrated an accuracy of 100 % for 191 non-selected (retest) sequences. The discriminant analysis was also applied using selected variables from the propensities for β-sheets and polarity of C-terminal fragments. This approach produced the next highest and comparable cross-validated classification accuracy for randomly selected and retest proteins (85.4-86.0 % and 82.4-84.5 %, respectively). The proposed sets of predictor variables could be used to assess the compatibility between secretion substrates and secretion pathways of Gram-negative bacteria by means of discriminant analysis.
Introduction
The majority of Gram-negative bacteria are able to release specific proteins into the extracellular medium by means of various secretion pathways [1] [2] [3] [4] . These processes are of fundamental importance for bacterial life under competitive environments, particularly from the standpoint of interactions between human or plant pathogens and their hosts [1] [2] [3] [4] [5] . The various types of protein secretion pathways can be distinguished and classified by specific structural units of varying complexity and functional characteristics associated with translocation machineries [3, 4] . In addition, certain structural features of secreted substrates (hydrolytic enzymes, invasins, toxins etc.) are required to facilitate their interaction with the secretion machinery, e.g. the translocon [1] .
A common feature of the type I and type III secreted proteins is the absence of the cleavable signal peptide motif commonly associated with the secretion in other known pathways of Gram-negative bacteria [1, 2] . Although both secretion systems are substantially conserved [1, 4, 5] , the type I and type III substrates often represent functionally similar types of proteins, such as proteases or membrane active toxins, each requiring their own translocation pathway [1, 5] .
Several compositional and structural features at the N-and C-termini of sequences have been proposed as unprocessed secretion signals for the type III or type I proteins, respectively. These specific features are thought to facilitate the gating of these secreted proteins [1] . However, these studies are mostly focused on some groups of functionallyrelated proteins from a limited number of organisms [6] [7] [8] [9] [10] and, as a consequence, the precise details of the secretion processes remain obscure [1, 4] . Therefore, the inclusion of supplementary indices and a more comprehensive sequence analysis of secretion substrates might contribute considerably to this field.
The frequencies of occurrence for amino acids, i.e., the simplest general attribute of sequences, nevertheless exhibit a strong discriminatory power with respect to structural classes and localization of a wide variety of proteins [11] [12] [13] [14] [15] [16] . Here we report the results of discriminant analysis for a set of type I and type III secreted proteins from Gramnegative bacteria using the amino acid composition and structural features of sequences as the predictor variables.
Experimental procedures
Protein sequences which are annotated as being secreted either by the type I or type III pathway of Gram-negative bacteria were taken from the Swiss-Prot/TrEMBL database [17] and are summarized in Table 1 .
The amino acid composition (the frequences of occurrence) [13] and structural parameters of sequences were computed using ExPASy / Prot Param and Prot Scale tools [17]. Estimations of propensities for hydrophaticity, polarity, α-helices and β-sheets were based on the Kyte-Doolittle [18] , Grantham [19] and Lewitt [20] scales, repectively. Discriminant analysis [21] was performed using software SPSS 11.0 for Windows (SPSS Inc., Ill., USA) and Statgraphics r Plus (Manugistics Inc., Mar., USA). Significance levels of differences between the means of potent explanatory variables were evaluated by applying the routine procedures of a parametric and non-parametric (Mann-Whitney and Kolmogorov -Smirnov tests) statistics using the same software.
Results
The frequences of occurrence for the 20 amino acid residues in the set of extracellular proteins from Gram-negative bacteria (Table 1 ) display strong differences ( Fig. 1 A, B ) with respect to a definite type of secretion for these substrates and organisms. While the contribution of Gln, Met, Pro, Glu and Cys are significantly (1-P<0.05) higher in type III than type I secreted proteins, the opposite trend is observed (1-P<0.05) for Gly, Phe, Tyr, Trp and Asp (Fig. 1 B) . In addition, some aliphatic (Ala, Leu), polar (Ser) and charged (Lys, Arg) amino acids exhibit preference in type III secreted proteins in contrast to the somewhat higher frequencies of Val (aliphatic), Thr, Asn (polar) and His (charged) residues in type I secreted proteins ( Fig. 1 B) . These differences, however, are of less profound significance (1-P>0.05) in regard to the criteria of both parametric or non -parametric statistics.
The frequencies of occurrence for the C-and N-termini of extracellular proteins (Table  1 ) revealed a similar pattern of substantial differences between amino acids with respect to the type of secretion (data not shown). Further, the profiles of predicted physicochemical and structural properties (polarity, hydrophobicity, α-helices, β-sheets) for both terminal fragments appeared to be different in regard to the type III and type I secreted proteins. The profiles of mean propensities for polarity and β-sheets of C-terminal fragments display the most pronounced differences (Fig. 2 A, B ) when compared to similar sites of distinctions for other property vectors just as significant for particular positions of amino acid residues at both C-and N-termini of sequences (data not shown). Noticeable differences between the means of amino acid frequencies ( Fig. 1 A, B ) and structural characteristics (Fig. 2 A, B ) of proteins suggest that both indices could be employed, at least in principle, to differentiate groups of secretion substrates from Gram -negative bacteria.
To verify this assumption the type III and type I secreted proteins (Table 1) were coded as the groups 1 and 2, respectively, and considered as the independent variables for subsequent discriminant analysis [14, 21, 22] . In turn, the sets of compositional and predicted structural attributes of proteins, including the frequencies of occurrence for amino acids, propensities for polarity, hydrophaticity, α-helices and β-sheets for both Cand N-termini of sequences, were presumed to be the predictor variables that could discriminate between the groups and subsequently elucidated by the procedures of stepwise forward and backward selection that were performed throughout the study. The results of discriminant analysis (Tables 2 -5) show that the occurrence for nine residues (Arg, Glu, Gly, Ile, Met, Pro, Ser, Tyr, Val) provides the reliable coefficients and highly significant scores of discrimination function ( Table 2, Table 3 ), as well as the classification of type III and type I secreted proteins with the accuracy of 100 % ( Table 4) .
The propensities for polarity and β-sheets as the predictor variables within a domain of 4-30 residues from C-termini of sequences exhibit somewhat lower, although highly significant (1-P<0.001), discrimination scores and quite acceptable resolution for both types of secreted proteins ( Table 3 Quality measures for discriminant function derived from the frequencies of amino acid occurrence of secreted proteins. The predictor variables are specified as in the footnotes of Table 2 . All the criteria are significant; the mean discriminant scores for the group differ significantly (1-P<0.001).
particular protein (case) by the discrimination function derived from all other cases (leaveone-out or cross-validation) indicates an accuracy of 85.7 % for propensities of C-terminal β-sheets and polarity as the predictor variables (Table 4 ). Contrary to the above variables, the analysis of other sets of structural variables ( Table 4 Classification accuracy for analytical data sets derived from the characteristics of secreted proteins at C-and N-termini of sequences. The predictor variables are selected from the C-or N-terminal fragments of 50 amino acids by the method of stepwise forward selection if not otherwise stated and specified as in the footnotes of Table 2 . In cross -validation each case is classified by the functions derived from all other cases.
It is noteworthy that the frequencies of occurrence for N-and C-terminal amino acid residues as the predictor variables provide considerably better cross-validated discrimination accuracy (88.1 -95.2 % ) as compared to the structural indices, such as α-helices for both termini or N-terminal β-sheets (Table 5 ). However, these substantially fall behind the indices achieved by the predictor variables for full sequences (Tables 2, 3, 5) .
To assess the both external and internal validity of classification results, the full data set of proteins (Table 1 ) was randomly and repeatedly (15 times) split into a test sample (60-80 % of cases) and a retest sample (20-40 % of cases), using the previously selected most powerful (Table 2) predictor variables for subsequent discriminant analysis of total subsamples. The test-retest results, together with the invoked leave-one-out (cross validation) classification (Table 6) , are entirely consistent with those obtained when the original data set was used ( Table 5) .
The above predictor variables and corresponding discrimination function ( Table 2,  Table 3 ), therefore, can be considered as a reliable tool to classify the type III and type Table 5 The results of discriminant analysis for type III and type I proteins of Gramnegative bacteria.
The predictor variables and the dependent variables (groups) are specified in the footnotes of Table 2 . Cross-validation is performed only for those cases in the analysis; each case is classified by the functions derived from all other cases. 100 % of the cases are properly classified using amino acid frequences as the predictor variables.
I secreted proteins as well as to "discriminate" new cases, i.e., to predict the affiliation of a protein with the proper group. In addition, the selected predictor variables for polarity and/or β-sheets of C-termini (Table 4) could be useful as an auxiliary tool for these purposes, since both produce an acceptable accuracy (85.5 -86.0 % and 82.4 -85.4 % , respectively) in these extended validation procedures.
Discussion
The observed advantage of the amino acid frequences as the predictor variables (Table  3, Table 5 ) by comparison with the elements of secondary structure is similar to that described for discriminant analysis of protein structural classes [13] . Similarly, this finding can be explained by the less precise method of making structural estimates [13] .
On the other hand, the obvious preference of aromatic amino acids (Phe, Tyr, Trp) in type I secreted proteins, in contrast to the higher occurrence of sulfur-containing (Cys, Met) and polar/charged (Pro, Gln, Glu, Arg) residues in type III secreted proteins ( Fig.  1 A B) , most likely reflect distinctive structural features of these sequences. Thus, different folding and unfolding characteristics have been noted for the types of proteins described above [23] [24] [25] due to the presence of chaperone-binding sites in the type III secreted proteins which could support partially folded [24] or largely unfolded [25] Table 6 The validation of classification results by combined cross-validation and testretest procedures for multiple randomly-divided samples of amino acid composition data sets. The summary results represent 15 randomly divided samples of data sets for both variables (15x42 cases each) into test (cases selected) and retest/hold (cases not selected) samples within a range 60-80 % and 20-40 % of cases, respectively. The other specifications are described in the footnotes of Table 2 and Table 5 . This summary shows that 99.6 % of selected original grouped cases, 98.6 % of selected cross-validated grouped cases, and 100 % of unselected original grouped cases are properly classified using AA % as the predictor variables.
amino acids in type III secreted proteins ( Fig. 1 B) is consistent with the general features of globular (i.e., more folded) proteins [11] as well as with the steric effects and hydrophobicity of residues [26] . It should be noted that even a rough comparison of prevalent amino acids for both types of proteins ( Fig. 1 A, B ) with respect to their corresponding rank within predicted scale for α-helices [20] reveals the sum of ranks to be 128.5 for α-helices (total sum of ranks is 210 for 20 amino acids) in type III secreted proteins. This substantially exceeds that for type I secreted proteins (78.5). However, intrinsic links between the amino acid composition, structural features and the folding of the above protein structures remain to be elucidated, and this may be possible through the use of recently developed algorithms and other computation tools [14-16, 21, 27-31] .
The highly significant scores of discriminant function ( Table 2, Table 3 ) confirm the adequacy of selected predictor variables to perform both descriptive and predictive ob-jections of discriminant analysis [21] with in respect to the type I and type III secreted proteins of Gram-negative bacteria. In fact, the cross-validation and test-retest procedures for the original (Table 5 ) and randomly split sets (Table 6 ) of proteins firmly support the high reliability of group classification as well as the potency of the discrimination function ( Table 2, Table 3 ) to predict the group membership for non-selected, i.e., "new" cases (Table 6) .
It should be noted that an unbiased choice of predictor variables by stepwise forward and backward selection procedures (Table 2 ) provides a substantially stronger set of predictors by comparison with that for only the variables exhibiting significant differences (Fig. 1 B) between the groups (data not shown). Certain variables therefore can achieve necessary levels of statistical tolerance [21, 22] and discriminatory power being as if slightly different between the groups, possibly due to above mentioned intrinsic compositional/structural relationships.
Within the general framework of the structural and functional identification of a protein from genomic sequences [6, 8, [11] [12] [13] [14] the above results might also provide some immediate applications. For example, a variety of recombinant heterologous proteins, particularly vaccines, have been expressed and secreted in bacterial carrier strains using either type I or type III secretion system [4] . Discriminative features of sequences therefore could help to assess the compatibility of secretion substrates and secretion machinery of the carrier strain and, hence, to predict the overall efficiency of the process. In the same way the occurrence of an appropriate secretion system could be developed for several extracellular proteins from Gram-negative bacteria on the basis of relative simple sequence attributes.
